cilia that mediate mechanotransduction (Kwon et al. 2010; He et al. 2015; Lee et al. 2015) .
In this review, we summarize the recent studies of primary cilia and IFT proteins in bone and cartilage development and maintenance. We also discuss the current advance of primary cilia and IFT proteins in tooth development and the pathogenesis of osteoarthritis, osteosarcoma, and chondrosarcoma.
Role of Primary Cilia/IFT in Bone
Osteoblasts, the main bone-forming cells, are derived from mesenchymal progenitors and characterized by producing alkaline phosphatase, osteocalcin, and type I collagen. Runx2 and osterix are essential for osteoblast differentiation and maturation. Primary cilia have been shown to regulate osteogenic differentiation of bone marrow-derived mesenchymal stem cells ) and adipose-derived stem cells (Bodle et al. 2013) . Primary cilia in adipose-derived stem cells elongate in response to osteogenic induction with osteogenic media, but the mechanism and the consequence are largely unknown (Bodle et al. 2013) .
A small subset of osteoblasts is trapped by the bone matrix and becomes osteocytes. Osteocytes account for the majority of bone cells in the mature bone tissue (Dallas et al. 2013) . Osteocytes are multifunctional cells that serve as the sensor of mechanical loading, the regulator of bone formation and resorption, and the reservoir of calcium in bone (Dallas et al. 2013) .
Several recent studies, which we summarize below, suggested the essential role of primary cilia and IFT proteins in osteoblast differentiation, bone development, and osteocyte function.
Primary Cilia/IFT in Osteogenesis and Bone Formation
Studies in our laboratory and others have shown that several IFT proteins (IFT80 and IFT88), IFT motor protein (KIF3A), and other ciliary-related proteins (Evc and polycystin) regulate osteogenesis (Table; reviewed in Yuan et al. 2015) . Mouse models with Kif3a , Evc2 (Pacheco et al. 2012) , or pkd1 (encoding polycystin-1; Qiu et al. 2010 ) mutations display impaired osteogenesis and bone development. Mutation of Kif3a causes cilium loss in osteoblasts with impaired Hh signaling and Wnt signaling. Silence of Evc2 does not affect cilium formation but inhibits Hh signaling (Pacheco et al. 2012) . Those data suggest that ciliary protein regulate Hh signaling transduction in both cilia-dependent and cilia-independent manners. Moreover, loss of pkd1 or Kif3a ) enhances adipogenesis, indicating that ciliary proteins balance osteogenesis and adipogenesis.
Our laboratory uncovered that silence of IFT80 in osteoblast precursor cells disrupts primary cilia and blocks osteoblast differentiation (Yang and Wang 2012) . Most recently, we found the novel role of IFT80 in skeletal development using an IFT80 conditional knockout mouse model (Yuan et al. 2016) . Osx-Cre-mediated IFT80 deletion in osteoblast precursor cells leads to markedly decreased bone mass with impaired osteoblast differentiation. Interestingly, loss of IFT80 not only blocks canonical Hh-Gli signaling transduction but also elevates cilia-independent noncanonical Hh-Gαi-RhoA signaling by increasing Smo and Gαi binding, resulting in excess stress fiber that further blocks osteoblast differentiation. In addition, Figure 1. Primary cilium structure and intraflagellar transport proteins. (A) Immunofluorescence micrograph of primary cilium located on primary osteoblasts derived from mouse calvarial bone. Primary cilium was stained with γ-tubulin (basal body; red) and acetylated tubulin (axoneme; cyan) antibody. Nuclear was stained with DAPI (blue). Scale bars represent 10 μm. (B) Scanning electron microscopic image of primary cilium present on mouse mesenchymal stem cell. Scale bars represent 2 μm. (C) Schema of primary cilium structure and intraflagellar transport (IFT) complexes. Adapted from Katoh et al. (2016) . This figure is available in color online at http://jdr.sagepub.com.
inhibiting noncanonic Hh signaling disrupts actin stress fiber and enhances cilium formation in IFT80-deficient osteoblast precursor cells, therefore partially rescuing osteoblast differentiation. These findings suggest that IFT80 regulates osteoblast differentiation by balancing canonical Hh-Gli and noncanonical Hh-Gαi-RhoA pathways (Yuan et al. 2016) .
Primary Cilia/IFT in Bone Mechanosensing
Bone adaptively remodels according to the mechanical stimulation, maintaining bone homeostasis (Xiao and Quarles 2015) . Recently, Chen et al. (2015) transplanted bone marrow cells from GFP-expressing mice into normal mice that were subjected to mechanical loading. By tracking GFP-positive cells, they demonstrated that biophysical stimulus promotes the homing and attachment of bone marrow cells to bone surface and enhances osteogenic differentiation. Disruption of cilium formation by deleting Kif3a decreases the bone formation upon mechanical stimulation, confirming that primary cilium is a key player in sensing and transducing mechanical signals. Oscillatory fluid flow (OFF) promotes cyclooxygenase 2 (COX-2) and osteopontin expression and increases prostaglandin E 2 (PGE 2 ) secretion in osteoblasts. Disruption of cilia in murine osteoblast MLO-A5 by chloral hydrate inhibits OFF-induced PGE 2 release and calcium matrix deposition (Delaine-Smith et al. 2014). Application of OFF to MLO-A5 for 5 consecutive days reduces the cilium length as well as cilium incidence (Delaine-Smith et al. 2014) . Cilium disassembly in response to loading has also been reported in chondrocytes, and this mechanism was proposed to avoid overloading (McGlashan et al. 2010) . Whether all the bone cells reduce cilium incidence and length in response to loading and how the cilium disassembly is regulated during loading are still unclear.
Osteocytes are thought to be a major player in bone mechanotransduction, as they have greater sensitivity to mechanical stress than osteoblasts. Osteocytes are embedded in the bone matrix and form an interconnected network via gap junctioncoupled cell processes passing through canaliculi to sense environment change and transduce signaling (Xiao and Quarles 2015; Fig. 2) . Although the precise molecular mechanisms regarding the osteocytes sense that the mechanical stimuli have not yet been fully uncovered, it is believed that mechanical stimulation increases intracellular Ca 2+ and that Ca 2+ mobilization is required for the release of nitric oxide and prostaglandins (Dallas et al. 2013 ). Primary cilia have been shown to mediate mechanosensing in osteocyte-like cells. In response to dynamic flow, intracellular levels of cyclic adenosine monophosphate (cAMP) decrease rapidly in MLO-Y4 cells (Malone et al. 2007; Kwon et al. 2010; Fig. 2) . Silence of IFT88 blocks cilium formation in osteocytes and inhibits flow-induced cAMP decrease. Further studies highlight the role of adenylyl cyclase 6 (AC6), a membrane-bound enzyme converting adenosine triphosphate (ATP) to cAMP, in mechanotransduction. AC6 is preferentially localized in the primary cilia of MLO-Y4 cells. In response to flow, increased Ca 2+ blocks the function of AC6 and decreases the level of cAMP, which promotes the expression of COX-2 (Kwon et al. 2010; Fig. 2) .
Most recently, Lee et al. (2015) used a fluorescence resonance energy transfer-based Ca 2+ biosensor to monitor Ca 2+ in cilia by fusing biosensor to ciliary protein Arl13b. The Ca 2+ biosensor has a calmodulin (CaM) region with 4 Ca 2+ -binding domains. Binding of Ca 2+ caused conformational change and increased fluorescence resonance energy transfer signaling. Using this approach, they found that in MLO-Y4 cells, fluid flow increases both ciliary and cytosolic Ca 2+ signaling. Primary cilium forms a Ca 2+ microdomain that is distinct from the cytosol, and this ciliary Ca 2+ microdomain depends on Ca 2+ entry through transient receptor potential vanilloid 4 (TRPV4; Fig. 2 ). TRPV4 also facilitates COX-2 expression in response to flow stimulation. Silence of pkd2 (encoding polycystin-2 [PC-2]) could not block the increase of ciliary Ca 2+ and COX-2 expression with flow stimulation (Lee et al. 2015) . Their findings suggested that flow-induced ciliary Ca 2+ mobilization and mechanotrasduction are dependent on TRPV4, not PC-2, in osteocytes. However, in primary cilia, PC-2 (a Ca 2+ -permeable channel) colocalizes with polycystin-1 (PC-1, a G protein-coupled receptor) to form a mechanosensory complex, which senses physical change and regulates bone mass in osteoblasts (Xiao and Quarles 2015; Fig. 2) . Thus, primary cilia-mediated mechanotransductional mechanism may differ among various cells.
Recently, Vaughan et al. (2015) developed a fluid structure model to predict how integrin and primary cilia interact with the surrounding fluid flow stimulus and transduce mechanical signaling (Fig. 2) . Under in vitro fluid flow stimulation, primary cilium deflects and arises large membrane strains at the ciliary base. Longer cilium shows greater increase in cell membrane strain and therefore has more potential to mediate mechanotransduction. The mechanosensor role of primary cilium in vivo depends on its configuration. A short free-standing primary cilium does not serve as a sensor. Only the primary cilium that discretely attaches the lacunar wall could be highly stimulated by flow in vivo. Additionally, integrin attachments can be highly stimulated with flow both in vitro and in vivo. Whether the integrin and primary cilium interact in vivo and whether primary cilium forms an attachment to the extracellular matrix within the lacunar cavity need to be further studied.
Role of Primary Cilia/IFT in Cartilage
Chondrocyte is a unique cell type that produces and maintains the extracellular matrix of cartilage. Condensation of mesenchymal cells leads chondrogenesis, which includes proliferation, Figure 2 . Illustration of the cilium-mediated mechanosensing in osteocytes. Osteocytes reside within the mineralized bone matrix. Primary cilia are projected from osteocytes into lacunar cavity to sense the flow of interstitial fluid generated by mechanical stimuli applied to bone. In response to dynamic flow, cilia deflect, and Ca 2+ increases in cilia through transient receptor potential vanilloid 4 (TRPV4). Adenylyl cyclase 6 (AC6), an enzyme converting adenosine triphosphate (ATP) to cyclic adenosine monophosphate (cAMP), is preferentially localized in the primary cilia of osteocytes. Increased Ca 2+ level by flow inhibits AC6 function and therefore decreases cAMP, which subsequently increases cyclooxygenase 2 (COX-2) expression and activates osteogenesis. Integrins are transmembrane proteins that form attachments between the osteocyte cell process and the canalicular wall. Integrins connect the cytoskeleton to the extracellular matrix and function as mechanosensors (Kwon et al. 2010; Nguyen and Jacobs 2013; Vaughan et al. 2015) . maturation, hypertrophy, terminal differentiation, and apoptosis (Kronenberg 2003; Zuscik et al. 2008) . The role of primary cilia in chondrocytes-including orientation, extracellular matrix secretion, endocytosis, osmotic response, and apoptosis-has been extensively studied (reviewed in Ruhlen and Marberry 2014 and Yuan et al. 2015) .
Primary Cilia/IFT in Cartilage Development
IFT proteins (IFT80 and IFT88), IFT motor proteins (KIF3A), and ciliary proteins (Evc and BBS proteins) have been found to regulate chondrocyte differentiation and cartilage development (Table; reviewed in Yuan et al. 2015) . Deletion of IFT88 in chondrocyte lineage (Col2αCre;ift88 fl/fl mouse model) increases thickness of articular cartilage with reduced apoptosis in chondrocytes (Chang et al. 2012) . The mechanical properties of cartilage, particularly in the deeper zones, is significantly reduced . Moreover, IFT88 regulates cytoskeleton in the articular cartilage, and IFT88 orpk mice (hypomorphic mutation of IFT88) display increased F-actin staining in the proliferative zone of the growth plate (McGlashan et al. 2007) . Chondrocytes from IFT88 orpk mice consistently display increased acto-myosin stress fiber organization when compared with that in normal chondrocytes. Micropipette aspiration in conjunction with the standard linear solid model shows reduced membrane bleb formation in IFT88 orpk chondrocytes, followed by reduced reformation rate of the actin cortex, demonstrating that IFT88 regulates actin organization and the stiffness of the actin cortex (Wang et al. 2016 ). However, IFT88 deficiency causes cilium loss, which might also contribute to the altered cytoskeletal character in IFT88 orpk chondrocytes.
Besides IFT88, our laboratory studied the role of IFT80 in cartilage development (Yuan and Yang 2015b) . Mutation of IFT80 was found in Jeune asphyxiating thoracic dystrophy or short rib-polydactyly syndrome type III with narrow thoracic cavity and cartilage defects. We used a Col2α1-CreER;IFT80 f/f mouse model to study the role of IFT80 in cartilage development in embryonic and postnatal stages by injection of tamoxifen at different time points. Deletion of IFT80 disrupts cilium formation in cartilage, alters Hh and Wnt signaling, and eventually blocks chondrocyte differentiation. IFT80-deficient mice show shortened cartilage and, therefore, short limbs at birth. Deletion of IFT80 in the postnatal stage causes reduced growth plate length but increased articular cartilage thickness (Yuan and Yang 2015b) . The aberrant Hh and Wnt signaling transduction was also found in the growth plate of Col2αCre;Ift88 fl/fl mice (Chang and Serra 2013) . Secreted frizzled-related protein 5 (Sfrp5, an extracellular antagonist of Wnt signaling pathway) was suggested to bridge the Hh and Wnt signaling in chondrocytes, as disruption of Hh signaling reduces the expression of Sfrp5, which subsequently upregulates Wnt signaling (Chang and Serra 2013) . Both IFT88 orpk mice (McGlashan et al. 2007 ) and Col2αCre;Ift88 fl/fl mice (Song et al. 2007 ) display cilium loss and smaller growth plates, similar to Col2α1-CreER;IFT80 f/f mouse. Therefore, it is possible that these cartilage abnormalities are due to cilium loss. However, it is worth noting that IFT80 gene trap mice with lower levels of IFT80 expression and normal cilium formation also display defects in growth plate and long bone formation (Rix et al. 2011) , indicating that IFT80 has its unique function independent of the cilia.
Primary Cilia/IFT in Chondrocyte Mechanosensing
Primary cilia play an important role in mechanotransduction in chondrocytes. Most recently, He et al. (2015) found that moderate mechanical loading inhibits matrix metalloproteinase 1 (MMP-1) and MMP-13 expression by activating Cbp/p300 interacting transactivator with ED-rich tail 2 (CITED2; He et al. 2015) . Strain activates CITED2 in a primary ciliadependent way in human chondrocytes. Knockdown of IFT88 in articular chondrocytes by intra-articular injection of IFT88 siRNA diminishes treadmill-induced CITED2 expression. Further study showed that extracellular ATP, P2 purinergic receptor, Ca 2+ signaling, ERK1/2 phosphorylation, and transcription factors hypoxia-inducible factor 1α (HIF1α) and specificity protein 1 are also involved in strain-induced CITED2 activation. A putative shear stress response element (SSRE) was identified in the CITED2 promoter region and proved to participate in strain-induced CITED2 transactivation. The proposed CITED2 activation in chondrocytes is summarized in Figure 3 .
In adult bovine articular chondrocytes, cyclic tensile strain (10% strain) activates Hh signaling and promotes the expression of A disintegrin and metalloproteinase with thrombospondin motifs 5 (ADAMTS-5; a catabolic enzyme that causes the degeneration of cartilage) in primary cilia-dependent manner. High strain significantly induces histone deacetylase 6 (a tubulin deacetylase)-mediated cilium disassembly and abolishes Figure 3 . Proposed CITED2 (Cbp/p300 interacting transactivator with ED-rich tail 2)-mediated matrix metalloproteinase (MMP) regulation during moderate mechanical loading. Cyclic tensile strain is sensed by primary cilia and transduced by extracellular ATP-induced P2 purinergic receptors and calcium signaling, which, together with hypoxia-inducible factor 1α (HIF1α) and specificity protein 1 (Sp1), transactivate CITED2. CITED2 activation inhibits MMP expression to protect extracellular matrix degradation. Adapted from He et al. (2015) .
loading-induced Hh activation and ADAMTS-5 expression (Thompson et al. 2014) . A conflict result was reported recently by Rais et al. (2015) . They found that the ciliogenesis is significantly increased in the growth plate of young chickens harnessed with small bags weighing 10% of their body weight for 4 d, suggesting that cilium formation is enhanced in response to loading. Whether the contrary observation is caused by different loading systems and/or strain needs to be further studied.
Role of Primary Cilia/IFT in Bone Diseases

Primary Cilia/IFT in Bone Tumors
Bone tumors range from benign tumor, such as osteochondroma, to malignant chondrosarcoma . Osteochondroma is the most common benign bone tumor. It forms along the growth plate in bone and cartilage and has similar histologic features in growth plate (Benoist-Lasselin et al. 2006; de Andrea et al. 2010) . The development of osteochondroma is a process of misorientation (de Andrea et al. 2015) , and primary cilium has been considered as a regulator of chondrocyte orientation (Yuan et al. 2015) . Therefore, the relationship between cilia and osteochondroma has been studied. Cilium formation is normal within osteochondroma, but the cilium orientation largely alters as compared with normal growth plate, in which polarized chondrocytes in proliferating and hypertrophic zones orient the cilia parallel to the growth axis (Fig. 4) . This unique orientation of cilia in chondrocytes is disrupted in osteochondromas, as primary cilia randomly locate on the cell surface in most chondrocytes in osteochondromas, which might contribute to the loss of chondrocyte rotation and stacked columns ( Fig. 4; de Andrea et al. 2010) .
Chondrosarcoma is a malignant tumor and exhibits lobular and invasive growth patterns. In human chondrosarcomas, the percentage of ciliated neoplastic chondrocytes is only 12.4%, which is a very low frequency as compared with 67.7% in normal articular cartilage (Ho et al. 2013 ). In the mouse peripheral chondrosarcoma, primary cilia are absent on the majority of chondrocytes, which might contribute to the loss of polarity of chondrocytes in peripheral chondrosarcoma (de Andrea et al. 2015) . Compared with chondrosarcoma, osteochondroma does not show invasive growth patterns. The growth of osteochondromas stops when the growth plate closes . Primary cilia are present on the osteochondroma chondrocytes but just lose their orientation. However, in chondrosarcoma, decreased cilium incidence might further contribute to the invasive tumor growth (Fig. 4) . These observations suggested that primary cilia might serve as a biomarker to distinguish the low-and high-grade bone tumors.
Hh gradient is important for chondrocyte proliferation and differentiation. In osteochondroma, Hh gradient is disrupted, showing homogeneous pattern (Benoist-Lasselin et al. 2006 ). Chondrocyte-specific overexpression of Gli2 (Col2α1-Gli2, activated Hh signaling in growth plate) leads to cartilage tumors in mice (Ho et al. 2013 ). Similar to Col2α1-Gli2 mice, IFT88 +/mice (partial loss IFT88 leads a partial loss of ciliogenesis) also develop cartilage tumors. More evidence demonstrates that the disruption of cilia (by decreasing IFT88 expression or treating with choral hydrate) in Gli2-overexpressed chondrosarcomas results in further activation of the Hh signaling pathway and promotes tumor growth, suggesting that cilia act as an inhibitor of Hh signaling in neoplastic chondrocytes (Ho et al. 2013) . A recent study suggested that loss of primary cilia in chondrocytes creates a proliferative block and might help to select those cells that have lost cell-cycle regulatory genes, which promotes tumor growth (de Andrea et al. 2015) . These results are controversial with the previously suggested inhibitory role of cilia in malignant tumors. How cilia are involved in bone tumor progress needs to be carefully investigated in the future.
Primary Cilia/IFT in Osteoarthritis
Osteoarthritis (OA) is a chronic joint disease characterized by articular cartilage degeneration (McGlashan et al. 2008) . Primary cilia are present on mild and severe OA tissue. However, the incidence and length of the cilia increase in the eroding articulating surface (McGlashan et al. 2008) , which is associated with increased Hh signaling (Lin et al. 2009 ). In Figure 4 . Schematic representation shows the cilium orientation in the growth plate and bone tumors. The growth plate is highly organized and divided into 3 distinct regions. In the germinal zone (or resting zone), there are nonpolarized committed stem cells with irregularly arranged cilia. In the proliferative zone, chondrocytes undergo rapid proliferation but develop into orderly columns. In the hypertrophic zone, chondrocytes stop proliferation, increase in size, and prepare for mineralization of the surrounding matrix. In both the proliferative and hypertrophic zones, the cilium orientation is parallel to the longitudinal axis of the bone, which represents the axis of chondrocyte polarity inside the growth plate. However, in osteochondroma, chondrocytes are irregularly arranged without acquired columnar organization. Hypertrophic-like chondrocytes are found within the resting and proliferative zones. Cilia are randomly located on the cell surface (de Andrea et al. 2010; de Andrea and Hogendoorn 2012) . In human malignant chondrosarcomas, cilium incidence in neoplastic chondrocytes is only 12.4% (Ho et al. 2013 ). In the mouse peripheral chondrosarcoma, primary cilia are absent in the majority of chondrocytes (de Andrea et al. 2015) .
addition, the orientation of cilia is changed in the surface of articular cartilage in OA. Instead of clearly being oriented away from the articulating surface, osteoarthritic cells have their primary cilia oriented toward the center of abnormal cell clusters (Fig. 5; McGlashan et al. 2008) . The relationship between cilium misorientation and cartilage degradation is still unknown.
Interestingly, deletion of IFT88 in cartilage (IFT88;Col2α-Cre mouse model) causes OA phenotype with reduced stiffness and upregulated expression levels of OA markers, including MMP-13, Adamts5, ColX, and Runx2 (Chang et al. 2012 ). Further study showed that primary cilia are required for processing full-length Gli3 to its repressor form. Loss of Gli3 repressor leads to upregulation of Hh signaling, thus causing the OA in IFT88;Col2α-Cre mice (Chang et al. 2012) . Modulation of Hh signaling by pharmacologic or genetic inhibition of Hh signaling reduces the severity of OA (Lin et al. 2009 ). However, a recent study suggested that Indian Hh (Ihh) does not cause extracellular matrix degradation in healthy cartilage even with the inflammatory cytokine interleukin-1β (IL-1β; Thompson et al. 2015) . Therefore, the role of Hh in OA pathogenesis needs to be further clarified. Although it is well known that primary cilia are essential for transducing Hh signaling, how primary cilia are involved in Hh signaling transduction in the OA is largely unknown.
IL-1, highly expressed in OA, induces the elongation of the cilia via a PKA-dependent mechanism in chondrocytes (Wann and Knight 2012) . In addition, IL-1 stimulates the secretion of nitric oxide, PGE 2 , and inflammatory chemokines. However, inhibition of IL-1-induced cilium elongation by PKA inhibitor or cilium disruption (deleting IFT88) significantly attenuates IL-1-induced inflammatory response in chondrocytes (Wann and Knight 2012) . Interestingly, cilium elongation in response to IL-1 is companied with a transient HIF-2α accumulation in cilia (Wann et al. 2013) . The ciliary sequestration of HIF-2α provides a negative regulation of the HIF signaling pathway during inflammation (Wann et al. 2013) . These results provide the evidence that primary cilium takes part in an inflammatory response and could be a novel therapeutic target for inflammatory disease such as OA.
Primary Cilia/IFT in Tooth Development
In addition to bone and cartilage, primary cilia have been found on periodontal ligament stem cells, dental pulp stem cells, ameloblasts, and odontoblasts (Haycraft and Serra 2008; Thivichon-Prince et al. 2009; Martinez et al. 2011) , and growing studies have begun to uncover the role of primary cilia in tooth development.
Very interestingly, IFT88 orpk mice develop an ectopic molar mesial to the first molar that correlates with increased Shh signaling in the diastema mesenchyme, suggesting the role of primary cilia in tooth patterning (Zhang et al. 2003; Ohazama et al. 2009 ). Dental anomalies have consistently been reported in several ciliopathies, such as Ellis-van Creveld syndrome (Haycraft and Serra 2008; Nakatomi et al. 2013) . Evc -/mice develop smaller first molars (Ruiz-Perez et al. 2007) , resulting from the progressive loss of Shh signaling that causes delayed differentiation (Nakatomi et al. 2013 ). Deletion of Kif3a in dental mesenchyme (Wnt1-Cre;Kif3a fl/fl ) totally disrupts incisor development but enlarges molars with reduced Hh signaling and increased Wnt signaling, implying that primary cilia balance the Hh and Wnt signaling between dental epithelia and mesenchyme for tooth development (Kolpakova-Hart et al. 2007; Liu et al. 2014) . Our laboratory found that IFT80 regulates odontoblast proliferation in molar root development. Deletion of IFT80 in dental pulp stem cells disrupts osteogenic differentiation as well as fibroblast growth factor-induced proliferation (unpublished data). Future study should address how primary cilia are involved in the differentiation of ameloblasts and odontoblasts.
Primary cilia were found to align parallel to the dentin walls, with the cilium tip pointed toward the dental pulp (Magloire et al. 2004; Thivichon-Prince et al. 2009 ). Moreover, dentinal fluid flow keeps dentin healthy. However, it is not clear how this cilium orientation is formed and maintained and whether primary cilia sense dentinal fluid and transduce the calcium signaling. Although primary cilia were proposed to be involved in tooth pain transmission because they are close to nerve fibers (Magloire et al. 2004) , currently there is no direct evidence showing the interaction between primary cilia and nerve fibers. 
Concluding Remarks
The past decade has witnessed remarkable progress in uncovering the role of primary cilia in bone and cartilage development and functionality. Despite substantial progress in discovering the essential functions of primary cilia and IFT proteins in bone cells, little is known about the involved signaling pathways. Most of the current studies are focused on the Hh and Wnt signaling. How cilia regulate other pathways, such as fibroblast growth factor, platelet-derived growth factor, TGF-β, and Notch signaling in bone and cartilage, is largely unknown. Another challenging issue is detecting primary cilia in bone cells within mineralized bone tissue. A recent immunohistochemistry study showed that primary cilia are present in approximately 4% of osteocytes, 4.6% of bone-lining cells, and 1% bone marrow cells of ovine cervical vertebrae (Coughlin et al. 2015) . However, an early study suggested that primary cilia are present on 94% of the osteocytes of young rats (Uzbekov et al. 2012 ). Whether the conflict results are caused by different species or different technical approaches needs to be clarified in the future.
In conclusion, this review reconfirms the essential role of primary cilia in skeleton development and maintenance; however, future studies are still needed to uncover the molecular mechanisms that eventually lead to the finding of therapeutic targets for bone and other diseases.
